ABSTRACT • This research paper examines the interdependence between wood sorption properties and its dimensions, species and drying temperature. The research was carried out on specimens of six species of wood (oak, ash, aspen, birch, spruce and pine) 
INTRODUCTION 1. UVOD
Wood is a complex natural polymer which has a capillary, annular and layered structure. It is known that wood absorbs and evaporates water vapour, when it undergoes the moistening and drying processes. This results in sorption hysteresis, supposedly due to the difference in the sorbate fi lling and emptying of the pores (Popper et al., 2009) . Usually a sorption isotherm is expressed as the function of wood moisture and relative humidity at a constant temperature. However, scientifi c studies and modelling show that ambient temperature has also infl uence on sorption/desorption processes and the size of the hysteresis loop (Merakeb et al., 2009 ). Wood drying is a complex process of heat and mass transfer, which is conditioned by some phenomena, such as heat/moisture exchange between wood and environment, and heat/moisture movement in wood (Kajalavičius, 2008) . In the macrocapillary system, hygroscopic moisture moves only in the form of vapour (due to its partial pressure gradient), whereas in the microcapillary system, moisture moves in the form of both vapour and liquid (due to diffusion penetration).
A number of research projects have been carried out to evaluate the impact of various factors on wood sorption properties. The research (Esteban, 2010) examines sorption properties of Quercus spp. wood aged 5910 250 BP, which has been recently sawn and discovered underground. It was determined that, due to the physical and chemical changes in the cell wall, the equilibrium moisture content (EMC) of the unearthed wood was higher both in case of sorption and desorption. Another paper (Huang et al., 2009 ) focuses on how the acid/alkaline balance of wood (pH) affects sorption properties of wood elements (cellulose and lignin). It was found that wood, which does not undergo chemical modifi cation, absorbs lesser amounts of copper chloride under the same conditions than modifi ed wood. A further paper (Nkolo Meze'e et al., 2008) explores the effect of temperature on sorption properties of wood exposed to water vapour at different temperatures (20 °C, 38 °C, 50 °C and 60 °C). It was established that sorption hysteresis is observed at all temperatures. In addition, the research revealed that changes in parameters, such as Gibbs energy, entropy and enthalpy, are negative in the presence of adsorption and positive in the presence of desorption, however, the amount of these changes hardly depends on temperature. Even when drying occurs at relatively low temperatures, there are residual phenomena which alter the further behaviour of wood. Higher temperature drying causes the following changes to the chemical composition of wood: hemicellulose, lignin and extra ctive substances begin to decompose, and cellulose becomes more crystalline (Esteves and Pereira, 2009). As a result of the reduced number of hydroxyl groups, wood tends to be more hydrophobic. Furthermore, due to a more crystalline structure of cellulose, water cannot easily enter cell walls of wood, which leads to a decrease in the EMC of heated wood (Akyildiz and Ates, 2008) . The higher the temperature, the greater the change in the chemical structure of wood and the lower the EMC.
Scientists developed various mathematical models on the basis of which it would be possible to predict wood moisture content under changing conditions and moisture movement in wood (Svensson et al., 2011; Krabbenhoft and Damkilde, 2004) . Other research papers provide two-dimensional and three-dimensional computer models imitating the wood drying process (Turner, 1996; Truscott and Turner, 2005) . The paper by Merakeb et al. (2009) presents a model for wood sorption hysteresis, when wood undergoes moistening and drying in the environment of different parameters. A universal model was designed that can describe actual wood moistening/drying processes. Authors of another article carried out research into moisture movement in layered porous building structures (Johannesson and Janz, 2009) . It was determined in the above mentioned papers that, when moisture moves in the form of both steam and water, sorption and desorption processes occur according to slightly different principles due to sorption hysteresis.
The examination of sorption properties of six species of wood (China fi r, Japanese cedar, Western hemlock, red oak, red meranti and hard maple) under conditions of high relative humidity (RH) allowed establishing that, when RH varied from 40 % to 0 %, there was no noticeable difference in the EMC, however, when RH changed from 100 % to 50 %, some differences were observed: when RH was lower than 90 %, coniferous wood had a higher moisture content in comparison to hardwood; however, when RH was higher than 90 %, hardwood had higher EMC (Wang and Liau, 1998) . The assessment of the effect of temperature on the EMC of Pine radiata wood under pure saturated steam conditions allowed determining that, when temperature increases, the EMC decreases in a linear dependence (Pearson et al., 2012) . Wood moisture sorption is also affected by wood properties (its species, density, etc.), therefore, the objective of this paper is to evaluate how drying temperatures and dimensions of specimens infl uence sorption behaviour of wood.
MATERIALS AND METHODS

MATERIJALI I METODE
Tests involved the use of the highest quality, branch, crack and other visible defect-free specimens of deciduous (oak (Quercus robur L.), ash (Fraxinus excelsior L.), aspen (Populus tremula L.), birch (Betula L.)) and coniferous (spruce (Picea abies L.), pine (Pinus sylvestris L.)) wood with the following densities: 777.3, 623.9, 453.6, 627.1, 487.3, 490.3 kg/m 3 , respectively. Each wood species was represented by 30 specimens with the following dimensions: 450×50×30 mm. In order to assess the effect of specimen thickness on drying, 4 separate groups of 30 birch specimens were formed with the following thickness variations: 7 mm, 12 mm, 25 mm, 30 mm, respectively. The length and width of these specimens were analogous to the ones of other specimens (450 mm in length and 50 mm in width). Prior to the start of tests, specimens underwent conditioning at the temperature of 25 °C and relative humidity ranging from 58 to 60 %. After the exposure to conditioning their moisture was 10.8  0.7 %.
Equipment
Oprema
Specimens underwent moistening and drying in an environmental chamber, where temperature and relative humidity were maintained to an accuracy of 1 °C and 1 %, respectively. In order to ensure the uniform distribution of air parameters, a circulation system was installed (air velocity 0.5 -1.0 m/s). Wood moisture content was established applying a weighing method to a precision of 0.1 %. Changes in dimensions of specimens were recorded using an electronic sliding calliper with an accuracy of 0.01 mm.
Wood sorption / desorption studies 2.2. Ispitivanja sorpcije / desorpcije drva
After the exposure to conditioning, specimens underwent moistening for 70 days at 30 °C and 90 % relative humidity. Afterwards they were subjected to drying for 20 days at the temperature of 30 °C and 30 % relative humidity. Birch specimens of different thickness were subjected to drying at the temperature of 60 °C and 6 % relative humidity. Specimens were exposed to moistening and drying until they reached steady moisture content.
In order to evaluate the effect of drying temperature on wood sorption properties, oak, ash, pine, spruce and aspen specimens were divided into three groups (1.1; 1.2; 1.3), and each group underwent drying at different temperatures (the fi rst group at the temperature of 30 °C, the second group at the temperature of 60 °C and the third group at the temperature of 90 °C) and 30 % relative humidity. Then specimens were subjected to conditioning for a two week period at 20 °C and 55  5 % relative humidity and were repeatedly exposed to moistening at 30 °C and 90 % relative humidity. Subsequently specimens were dried at 30 °C and 30 % relative humidity. In order to assess changes in moisture and dimensional stability, specimens underwent mass and dimensional measurement. Figure 1 shows changes in moisture content of specimens of different wood species (a) and of different dimensions (b) by storing them in an environmental chamber for 70 days at 30 °C and 90 % relative humidity. The equilibrium moisture content of wood should be approximately 22.0 % in this case (Sergovskij and Rasev, 1987) . Figure 1 (a) reveals that the highest moisture content was adsorbed during the fi rst 7 days, i.e. moisture content alteration was up to 54 %. The largest change in moisture content was observed in oak specimens (54 %), the smallest change occurred in pine specimens (35 %); however, as a result of the further moistening process, oak wood adsorbed a noticeably lower moisture amount than other wood species. It was determined that during the moistening process all species of wood specimens, which were 30 mm thick, achieved a steady moisture content within 7 weeks (this moisture content ranged from 19.2 to 19.6 % and specimens failed to reach the theoretical moisture content). Fig. 1 shows (b) that thinner specimens achieved this moisture content in a shorter period of time, i.e. within 5-6 weeks. Furthermore, in comparison to 30 mm thick specimens, thinner specimens had higher steady moisture content as follows: 25 mm -7 %, 12 mm -13 %, and 7 mm -20 %, respectively. 
RESULTS
REZULTATI
Adsorption
Adsorpcija
Desorption 3.2. Desorpcija
Afterwards the same specimens underwent drying at the temperature of 30 °C and 30 % relative humidity, while birch specimens were dried at 60 °C and 6 % relative humidity. In this case the equilibrium moisture content should be 6.2 % and 2.2 %, respectively (Sergovskij and Rasev, 1987) . Figure 2 reveals changes in wood moisture content depending on drying duration and specimen thickness. Figure 2 (a) shows that the drying tendencies of 30 mm thick specimens of different types of wood were similar and wood did not reach the equilibrium moisture content. It was found that the moisture content of specimens ranged between 7.1 and 7.5 % and differed from the equilibrium moisture content by 0.9 -1.3 %.
It was found (Fig. 2, b ) that during the drying process birch specimens of 30 mm thickness also failed to reach the theoretical equilibrium moisture content and had 3.3 -3.4 % moisture content after the drying period of 20 days, whereas, thinner specimens (7 mm, 12 mm, 25 mm) achieved this theoretical equilibrium moisture content (2.2 %). In addition, 7 and 12 mm thick birch specimens reached this moisture content within 8 -10 days and in the case of 25 mm thick specimens it was achieved within 10 -12 days. These processes occur due to the moisture content gradient (Eq. 1), since wood specimens have uniform distribution of temperature and pressure, and their moisture content does not exceed the fi bre saturation point (Kajalavičius, 2008) . ,
here i -moisture fl ux density; a' -moisture diffusion coeffi cient; ρ O -wood density when moisture is 0 %; -moisture content gradient.
Drying impact 3.3. Utjecaj sušenja
In order to examine the effect of drying temperature on wood sorption properties, specimens underwent drying at different temperatures without air moistening. Oak, ash, pine, spruce and aspen specimens assigned to subgroup 1.1 were subjected to drying at the temperature of 30 °C until they reached steady moisture content conditions, specimens attributed to subgroup 1.2 were exposed to drying at the temperature of 60 °C and specimens attached to subgroup 1.3 were dried at the temperature of 90 °C during the same period of time. Table 1 provides mean moisture content of specimens of the above-mentioned groups and the range of moisture content values of each subgroup after drying. The initial moisture content of wood specimens was 12 % 0.5 %. Table 1 shows that, when specimens underwent drying at the temperature of 30 °C, they achieved 10.2-11.2 % moisture content after a two week period, and when they were subjected to drying at the temperature of 90 °C, 1.9 -2.5 % moisture content was reached during the same period of time. When the range of imens underwent conditioning for two weeks at 20 °C and 50 -60 % relative humidity, and achieved 8 %  0.5 % moisture content. Afterwards specimens were exposed to moistening at 30 °C and 90 % relative humidity. Figure 3 reveals the main principles of changes occurring in moisture content of specimens during the moistening process. Figure 3 shows that, when specimens underwent the moistening process, they adsorbed the highest moisture content during the fi rst week. The mean moisture content of coniferous wood increased from 7.8 -8.0 % to 13.6 -13.9 %, i.e. approximately 74 %, and the average moisture content of deciduous wood rose from 8.0 -8.3 to 11.8 -12.1 %, i.e. about 48 %. Specimens subjected to drying at the temperature of 30 and 60 °C, achieved a steady moisture content within 56 days. In the case of coniferous wood, this moisture content was 20.1 % on average at respective drying temperatures and in the case of deciduous wood it was 19.8 and 19.6 % at respective drying temperatures. Specimens exposed to drying at the temperature of 90 °C, reached a steady moisture content within 63 days. In the case of coniferous wood it was 19.0 % and in the case of deciduous wood it was 19.2 % on average. Figure 3 (b) reveals that, when deciduous wood reaches moisture content up to 14 %, aspen and ash specimens, in contrast to oak specimens, absorb noticeably higher moisture content up to the 14 th day of the moistening process (after 7 days the moister content reached by aspen and ash specimens was higher by 15 % and 10 % than the one absorbed by oak specimens). This can be explained by different densities of oak, ash and aspen wood (density of oak wood was moisture content values was assessed, it was established that the greatest range of moisture content values was observed in specimens subjected to the highest temperature drying -the coeffi cient of variation ranged from 4.1 to 4.5 %, meanwhile, in the case of specimens dried at the temperature of 30 °C, the range of moisture content values was smaller by 17.8 -19.5 % -the coeffi cient of variation ranged from 3.3 to 3.7 %.
In order to evaluate changes in sorption behaviour of specimens dried at different temperatures, spec- Figure 3 Changes in moisture content of specimens dried at different temperatures during the moistening process: a) coniferous wood, P -pine, S -spruce; b) deciduous wood, T -aspen, O -oak, A -ash Slika 3. Promjene sadržaja vode u uzorcima sušenim pri različitim temperaturama tijekom procesa vlaženja: a) crnogorično drvo, P -bor, S -smreka; b) bjelogorično drvo, T -jasika, O -hrast, A -jasen 20 % higher than ash wood and 42 % higher than aspen wood).The higher the density of wood, the smaller the internal surface of cell cavities, whose holes contain bound moisture. Meanwhile lower density wood is characterized by a relatively larger surface area, therefore at the beginning of the moistening process it adsorbs more moisture. This can be observed in the case of aspen and partially in the case of ash (see Figure 3  (b) ). However, after some time moisture penetration into deeper layers of lower density wood becomes slower as a result of a smaller number of microcapillaries. In higher density wood, moisture adsorption tends to be slower but steadier. Subsequently the moisture content becomes equal and similar to the one of deciduous wood until the 21 st day. Afterwards, specimens underwent drying at 30 °C and 30 % relative humidity. Figure 4 shows the main principles of changes in moisture content of specimens during the drying process.
When specimens were exposed to drying, the largest change in moisture content was recorded during the fi rst 6 days: the moisture content of specimens decreased by about 50 % (from approximately 20.0 % to 9.1 -9.7 %). Subsequently the drying process was slowed down. Specimens achieved steady moisture content within 14 -16 days. The fi gure reveals that, after exposure to the temperature of 90 °C, coniferous and deciduous wood reached 6.8 -7.2 % and 6.2 -7.0 % moisture content, respectively. The mean moisture content of specimens dried at the temperature of 30 °C was 7.1 -7.2 % in the case of coniferous wood and 6.2 -7 % in the case of deciduous wood. Figure 4 also shows that coniferous specimens failed to reach the theoretical steady moisture and in the case of deciduous wood it was achieved only by aspen specimens.
DISCUSSION AND CONCLUSIONS
RASPRAVA I ZAKLJUČCI
Tests show that specimens with larger cross sections, in contrast to specimens with smaller cross sections, reach steady moisture content after longer periods of time. This occurs because the moisture content gradient was the only major force to drive moisture in the present case. In both sorption and desorption cases, specimens with larger cross sections have uneven distribution of moisture content and their deeper layers fail to achieve the equilibrium moisture content (as a result of weaker forces that drive moisture). At the temperature of 30 °C, sorption hysteresis depends on thicknesses of specimens: in the case of 30 mm thick birch specimens, the change in hysteresis was 3.5-3.8 %, and in the case of 25 mm, 12 mm and 7 mm thick birch specimens, it was 1.8 %, 1.2 % and 0.5 %, respectively. In addition, sorption behaviour is also affected by drying temperatures of specimens. Specimens with uniform cross sections, which undergo drying at higher temperatures during the same period of time, reach lower moisture content (specimens dried at the temperature of 30 °C, 60 °C and 90 °C achieved Figure 4 Changes in moisture content of specimens dried at different temperatures during the drying process: a -coniferous wood, P -pine, S -spr uce; b -deciduous wood, T -aspen, O -oak, A -ash Slika 4. Promjene sadržaja vode u uzorcima sušenim pri različitim temperaturama tijekom procesa sušenja: a) crnogorično drvo, P -bor, S -smreka; b) bjelogorično drvo, T -jasika, O -hrast, A -jasen up to 10.2 -11.2 %, 4.5 -5.8 %, and 1.9 -2.5 %, respectively). Furthermore, the greatest range of moisture content values was observed in specimens with the lowest moisture content. This could be explained by different wood structure along the moisture transport direction. When wood is dried at higher temperatures, the distribution of moisture is more uneven along the cross-section of wood than it is in the case of low-temperature drying. Other research revealed that, when wood undergoes drying, wood cells are exposed to extremely high stresses and cell walls develop microcracks (Thuvander et al., 2001; Thuvander et al., 2002) . Even when drying occurs at relatively low temperatures, there are residual phenomena that affect further behaviour of wood. It is known that subjecting wood to drying already at 50 -60 °C leads to a decline in its hygroscopy (Sergovskij and Rasev, 1987) .
Research showed that w,hen specimens underwent the moistening process, they adsorbed the highest amount of moisture during the fi rst week. Besides, the mean moisture content of coniferous wood increased by 26 % more than deciduous wood. This could be explained by the fact that the sorption rate of coniferous wood was higher than that of deciduous wood during this period due to different wood microstructure and chemical composition of coniferous and deciduous wood. The major portion of coniferous wood consists of tracheids, which may reach a length of roughly 5 mm. Moisture can rather easily penetrate superfi cial layers of wood through cut open tracheids and later through bordered pit pairs into other cells. Deciduous wood is denser and its libriform fi bre cells are only 1 mm in length, therefore, moisture penetration into wood layers is slower. Moreover, coniferous wood has more cellulose with free hydroxyl groups. Further wood moistening leads to substantially slower moisture penetration, as the moisture content of superfi cial layers of specimens approaches the fi bre saturation point under those conditions and water molecules are forced to reach deeper layers.
Results revealed that, when specimens were subjected to drying, the difference between the equilibrium moisture content and steady moisture content of coniferous wood and deciduous wood was 1.8 -2.0 % and 1.6 -2.3 %, respectively, and when specimens were exposed to drying at the temperature of 90 °C, it was 2.8 -3.2 % and 2.4 -3.4 %, respectively. When wood specimens were dried at the temperature of 30 °C and 90 °C, sorption hysteresis for coniferous wood was 2.8 -3.0 % and 3.1 -3.6 %, respectively, and for deciduous wood 1.9 -3.2 % and 3.0 -3.4 %, respectively. Obviously thickness of the specimens, but not drying (heating) temperature, has a greater effect on the width of the hysteresis loop. Research carried out by other authors demonstrates that ,after the completion of the drying process, moisture is unevenly distributed along the cross-section of specimens (internal layers retain more moisture than external layers), which results in the formation of internal stresses (Kowalski and Musielak, 1999) . Specimens with smaller cross-sections tend to have more considerable shrinkage/swelling on a relative basis (Stöhr, 1988) . It is known that there is dependence between the hysteresis loop and the measurements of the specimen (Sergovskij and Rasev, 1987) . The smaller the cross-section of the specimen, the smaller the hysteresis loop. The research also showed that coniferous specimens failed to reach the theoretical steady moisture, and in the case of deciduous wood, it was achieved only by aspen specimens. This can be explained by the existing hysteresis loop during drying process and by the fact that coniferous wood and lower density wood have better moisture and gas permeability (especially across the fi bre) (Kajalavičius, 2008) . Since the moisture content gradient was the only major force to drive moisture in the present case, it was probably insuffi cient to ensure the moisture content that would be even and equal to the equilibrium moisture content through the entire cross section. Tests reveal that, in the presence of higher temperature drying, the total pressure gradient has significant effect on the moisture transport phenomena (Remki et al., 2012) .
The obtained results demonstrate that wood, which has different measurements and undergoes drying at different temperatures, is characterized by different sorption behaviour. This is relevant when it is necessary to examine the probable behaviour of wood and to exploit wood under certain conditions.
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